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Targeting annexin A7 by a small molecule suppressed 
the activity of phosphatidylcholine-specific 
phospholipase C in vascular endothelial cells and 
inhibited atherosclerosis in apolipoprotein E 7 mice 

H Li 1 , S Huang 1 , S Wang 2 , J Zhao 1 , L Su 1 , B Zhao*' 2 , Y Zhang 3 , S Zhang 1 and J Miao*' 1 ' 3 

Phosphatidylcholine-specific phospholipase C (PC-PLC) is a key factor in apoptosis and autophagy of vascular endothelial cells 
(VECs), and involved in atherosclerosis in apolipoprotein E ; (apoE _/ ~ ) mice. But the endogenous regulators of PC-PLC are 
not known. We recently found a small chemical molecule (6-amino-2, 3-dihydro-3-hydroxymethyl-1, 4-benzoxazine, ABO) that 
could inhibit oxidized low-density lipoprotein (oxLDL)-induced apoptosis and promote autophagy in VECs, and further identified 
ABO as an inhibitor of annexin A7 (ANXA7) GTPase. Based on these findings, we hypothesize that ANXA7 is an endogenous 
regulator of PC-PLC, and targeting ANXA7 by ABO may inhibit atherosclerosis in apoE" 7 " mice. In this study, we tested our 
hypothesis. The results showed that ABO suppressed oxLDL-induced increase of PC-PLC level and activity and promoted 
the co-localization of ANXA7 and PC-PLC in VECs. The experiments of ANXA7 knockdown and overexpression 
demonstrated that the action of ABO was ANXA7-dependent in cultured VECs. To investigate the relation of ANXA7 with 
PC-PLC in atherosclerosis, apoE _/ ~ mice fed with a western diet were treated with 50 or 100mg/kg/day ABO. 
The results showed that ABO decreased PC-PLC levels in the mouse aortic endothelium and PC-PLC activity in serum, and 
enhanced the protein levels of ANXA7 in the mouse aortic endothelium. Furthermore, both dosages of ABO significantly 
enhanced autophagy and reduced apoptosis in the mouse aortic endothelium. As a result, ABO significantly reduced 
atherosclerotic plaque area and effectively preserved a stable plaques phenotype, including reduced lipid deposition and 
pro-inflammatory macrophages, increased anti-inflammatory macrophages, collagen content and smooth muscle cells, and less 
cell death in the plaques. In conclusion, ANXA7 was an endogenous regulator of PC-PLC, and targeting ANXA7 by ABO inhibited 
atherosclerosis in apoE _/ " mice. 
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Apoptosis and autophagy are two evolutionarily conserved 
processes that maintain homeostasis during stress. 1 
Although the two pathways utilize fundamentally distinct 
machinery, apoptosis and autophagy are highly intercon- 
nected and share many key regulators. 2 Phosphatidylcholine- 
specific phospholipase C (PC-PLC), an important member of 
the phospholipase family, has been implicated in several 
cellular signaling pathways. 3 Our laboratory is dedicated to 
researching the role of PC-PLC in the regulation of vascular 
endothelial cell (VEC) apoptosis. 4 We found that PC-PLC was 
involved in human umbilical vein endothelial cell (HUVEC) 
apoptosis that was induced by deprivation of fibroblast growth 
factor and serum, and also by rattlesnake venom. 5 In addition, 
our previous studies indicated the roles of PC-PLC in VEC 



apoptosis and senescence, and found that inhibition of PC- 
PLC by its inhibitor D609 suppressed VEC apoptosis and 
senescence. 4 Furthermore, we found that Cd 2+ at low 
concentrations could promote VEC autophagy and inhibit 
VEC apoptosis by depressing PC-PLC activity, 6 which 
suggests that PC-PLC may function as a pro-apoptosis factor. 
Based on the relationship of apoptosis and autophagy, 
recently, we detected decreased PC-PLC activity during 
HUVEC autophagy induced by Cd 2+ and sphingosylpho- 
sphorylcholine. 6 ' 7 Collectively, PC-PLC is a key factor in 
apoptosis and autophagy of VECs. 

In addition, our recent in vivo study demonstrated that PC- 
PLC was involved in atherosclerosis in apolipoprotein E _/ ~ 
(apoE _/ ~) mice. 8 PC-PLC is upregulated in the endothelial 



1 Shandong Provincial Key Laboratory of Animal Cells and Developmental Biology, Institute of Developmental Biology, School of Life Science, Shandong University, 
Jinan, China; institute of Organic Chemistry, School of Chemistry and Chemical Engineering, Shandong University, Jinan, China and 3 The Key Laboratory of 
Cardiovascular Remodeling and Function Research, Chinese Ministry of Education and Chinese Ministry of Health, Shandong University Qilu Hospital, Jinan, China 
"Corresponding authors: J Miao or B Zhao, Shandong Provincial Key Laboratory of Animal Cells and Developmental Biology, Institute of Developmental Biology, School 
of Life Science, Shandong University, Jinan 250100, China. Tel: +86 531 88364929; Fax: +86 531 88565610; E-mails: miaojy@sdu.edu.cn or bxzhao@sdu.edu.cn 
Keywords: apoptosis; autophagy; PC-PLC; ANXA7; ABO; atherosclerosis 

Abbreviations: VEC, vascular endothelial cell; oxLDL, oxidized low-density lipoprotein; PC-PLC, phosphatidylcholine-specific phospholipase C; ANXA7, annexin A7; 
ABO, 6-amino-2, 3-dihydro-3-hydroxymethyl-1, 4-benzoxazine; apoE" 7 " mice, apolipoprotein E _/ " mice; HUVEC, human umbilical vein endothelial cell; LC3, 
microtubule-associated protein 1 light chain 3; PBS, phosphate-buffered saline; TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling; 
MMP-2/9, matrix metalloproteinase 2/9 

Received 20.6.13; revised 24.7.13; accepted 29.7.13; Edited by M Federici 



ANXA7 and PC-PLC in atherosclerosis 

H Li ef al 



cell layer in the atherosclerotic lesions. Pharmacological 
blockade of PC-PLC by D609 inhibited the progression of pre- 
existing atherosclerotic lesions in apoE _/ ~ mice and chan- 
ged the lesion composition into a more stable phenotype. 
These data suggest that PC-PLC is involved in the progres- 
sion and destabilization of established atheroma. Our results 
also showed that the atherogenic effect of PC-PLC was acting 
through the regulation of endothelial expression of LOX-1, 
adhesion molecules VCAM-1 and ICAM-1, and chemokine 
MCP-1. Taken together, PC-PLC contributed to the progres- 
sion of atherosclerosis. PC-PLC might serve as a marker in 
the diagnosis of atherosclerosis in the future and provide a 
new target for atherosclerosis therapy. 

Because the changes of PC-PLC activity have been 
detected in apoptosis, autophagy and inflammation, endo- 
genous regulators of PC-PLC activity may exist, but, which 
are not clear so far. Furthermore, it is regretful that a major gap 
in our knowledge of this important enzyme is linked to the fact 
that the mammalian PC-PLC has not been cloned and its 
sequence is unknown. 9 Genetic deletion or overexpression of 
PC-PLC is unavailable, and exploiting its inhibitor D609 
(tricyclodecan-9-yl-xanthogenate) and performing the activity 
assay have been the strategies for the study of the functions of 
PC-PLC in mammalian cells. 8 

We recently found a small chemical molecule 
(6-amino-2, 3-dihydro-3-hydroxymethyl-1 , 4-benzoxazine, 
ABO, Supplementary Figure 1) that could inhibit oxidized 
low-density lipoprotein (oxLDL)-induced apoptosis 10 and 
promote autophagy in VECs via annexin A7 (ANXA7). 11 
ANXA7, a member of the annexin family of calcium-dependent 
phospholipid binding proteins, codes for Ca 2 + - dependent 
GTPase. In the last decade, we, and others, have shown that 
ANXA7 has several different roles in autophagy, exocytosis, 
carcinogenesis and tumor suppression. 11-15 However, 
whether ANXA7 participates in the promotion or inhibition of 
atherosclerosis progression is unclear. Furthermore, knockout 
mouse is not an ideal model for ANXA7 research in disease, 
because homozygous ANXA7 ( _/ ~) mutation is lethal by 
E10, 16 and ANXA7( +/_ ) mutation also has several unwished 
phenotypes, such as induce fi-ceW hypertrophy, islet hyperplasia, 
an alteration in the Ca 2+ dependence of glucose-induced 
insulin secretion, and aberrant regulation of islet gene 
expression by the fed/fasted state. 17 Fortunately, in a recent 
study, we found that ABO could directly bind to ANXA7 and 
inhibit phosphorylation of ANXA7, 18 which had a significant 
inhibitory effect on its GTPase activity. 19 Our findings suggest 
that as a small molecule modulator of ANXA7 function, ABO is 
a powerful tool to study the complex cellular functions of ANXA7. 

As described above, we found that HUVEC apoptosis 
induced by oxLDL 10 accompanied by PC-PLC activation, 8 
whereas ABO could directly target ANXA7, 18 induce autop- 
hagy in cultured VECs 1 1 and inhibit VEC apoptosis induced by 
oxLDL, 10 suggesting that there may be an interaction between 
ANXA7 and PC-PLC in VECs. Moreover, treatment of isolated 
lung lamellar bodies with PC-PLC enhances the ANXA7 
fusion activity via increasing diacylglycerol level. 20 

Based on these findings, we hypothesize that ANXA7 is an 
endogenous regulator of PC-PLC, and targeting ANXA7 by 
ABO may inhibit atherosclerosis in apoE" /_ mice. In this 
study, we tested our hypothesis. 



Results 

ABO suppressed oxLDL-induced PC-PLC level in 
cultured ECs. As PC-PLC involved in oxLDL-induced HUVEC 
apoptosis, which was significantly inhibited by ABO, we first 
tested the effect of ABO on the protein level of PC-PLC in 
cultured HUVECs and MS1 cells. In line with our previous 
report, western blot analyses showed that oxLDL increased 
PC-PLC level. However, the high levels of PC-PLC induced by 
oxLDL treatment were significantly inhibited by ABO both in 
cultured HUVECs and MS1 cells (Figures 1a and b). 

ABO suppressed oxLDL-induced PC-PLC activity in an 
ANXA7-dependent manner in HUVECs. Because ABO 
increased ANXA7 level and reduced PC-PLC level, we 
wondered whether ANXA7 participated in the ABO-mediated 
PC-PLC inhibition in HUVECs. We used knockdown and 
overexpression of ANXA7, and confirmed the protein 
expression in HUVECs (Supplementary Figure S2). Consis- 
tent with previous results, ABO specifically increased ANXA7 
level and oxLDL increased PC-PLC activity (Supplementary 
Figure S2 and Figure 1e). In addition, ABO could significantly 
increase the level of ANXA7 with oxLDL treatment and 
suppress oxLDL-induced PC-PLC activity in HUVECs, 
whereas silencing ANXA7 reversed the effect of ABO 
treatment as compared with scrambled siRNA. In addition, 
ANXA7 overexpression and ABO combined could strongly 
inhibit PC-PLC activity, but ANXA7 overexpression alone 
had no benefit on this action, which suggested that ABO may 
be indispensable in PC-PLC inhibition via ANXA7. Our 
previous findings advanced our understanding of the dual 
role of ABO in elevating the protein level and triggering 
ANXA7 subcellular redistribution, such as facilitating the 
co-localization of ANXA7 with microtubule-associated protein 1 
light chain 3 (LC3) under normal condition. 11 These data 
reminded us that ABO might also trigger the subcellular 
redistribution of ANXA7 and PC-PLC, and subsequently 
inhibit the activity of PC-PLC induced by oxLDL. To test this 
hypothesis, we performed double-immunofluorescence 
staining of ANXA7 and PC-PLC under indicated treatment 
(Figures 1c and d). The micrographs demonstrated that the 
punctate pattern of PC-PLC induced by ABO was impaired in 
ANXA7-deficient cells. In addition, combined ANXA7 over- 
expression and ABO stimulus promoted PC-PLC patch and 
the co-localization of ANXA7 and PC-PLC, whereas over- 
expression alone failed to demonstrate any significant benefit 
of this action (Supplementary Figure S3). Moreover, opposite 
trends in PC-PLC activity and quantification of the 
co-localization with ANXA7 were shown in Figures 1d and e. 
Taken together, these results confirmed the hypothesis that 
ABO suppressed oxLDL-induced PC-PLC activity via the 
co-localization of ANXA7 and PC-PLC in an ANXA7-dependent 
manner. 

PC-PLC level in aortic roots and serum activity were 
decreased by ABO. Our recent in vivo study demonstrated 
that PC-PLC contributed to the progression of atherosclerosis 
by promoting the production of pro-inflammatory cytokines. 8 
Therefore, we tested the effect of ABO on PC-PLC level and 
activity in vivo. Double-immunofluorescence staining showed 
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Figure 1 ABO treatment inhibited the increased level and activity of PC-PLC induced by oxLDL in endothelial cells via promoting co-localization of ANXA7 and PC-PLC in 
an ANXA7-dependent manner, (a) Effects of ABO on the protein levels of PC-PLC in HUVECs and MS1 cells under oxLDL treatment detected by western blot analysis. ABO 
(50 fM) and oxLDL (50 ^g/ml for HUVECs and 100 ^g/ml for MS1 cells) were used, (b) Quantification of PC-PLC protein levels shown in A. Protein levels were normalized to 
GAPDH. Values are mean ± S.E.M. *P<0.05, versus control, # P<0.05, versus oxLDL, n = 3. (c) Double immunohistochemical staining showed that ANXA7 (red) and 
PC-PLC (green) exhibited agglomeration and co-localization after ABO treatment in HUVECs upon oxLDL stimulus. Overlays of the red and green signal with a yellow color 
indicated co-localization. Scale bars, 16^m. (d and e) Overexpression (pCMV-ANXA7) and knockdown (siANXA7) of ANXA7 were performed, (d) Analysis of co-localization 
between ANXA7 and PC-PLC in HUVECs. Co-localization in confocal microscopy is defined by the presence of three or more ANXA7 and PC-PLC residing at the same 
physical location in a specimen. The bar chart shows quantification of co-localization of ANXA7 and PC-PLC. Data are mean ± S.E.M. *P<0.05, **P<0.01; n=3. 
(e) Quantification of PC-PLC activity. Data are mean ± S.E.M. *P< 0.05, **P< 0.01 , ***P< 0.001 , # P< 0.05, n = 3 



that low-dosage ABO slightly and nonsignificantly decreased 
the protein level of PC-PLC, but high-dosage ABO signifi- 
cantly reduced the level as compared with controls (Figures 
2a and b). As well, the mean serum PC-PLC activity was 
lower with ABO treatment than controls (Figure 2c). 
Collectively, ABO could suppress PC-PLC level and activity 
in vivo. 

ABO elevated ANXA7 level in the mouse aortic 
endothelium. To further elucidate the mechanism by which 
ABO inhibits PC-PLC in vivo, we assessed the level of 
ANXA7 in aortic ECs by immunofluorescence analysis. 
The aortic roots of ABO-treated groups showed significantly 
increased staining for ANXA7 as compared with controls 
(Figure 3), suggesting that ABO performed PC-PLC inhibition 
via ANXA7 in vivo. 

ABO stimulated autophagy in VECs under proatherogenic 
conditions in vitro and in vivo. To further elucidate the 



induction of autophagy by ABO under proatherogenic 
conditions, we first performed in vitro experiments in 
HUVECs and MS1 cells with oxLDL treatment. Western blot 
analyses showed that ABO treatment significantly elevated 
the level of LC3-II and the ratio of LC3-II/LC3-I both in 
HUVECs and MS1 cells (Figures 4a and b). Next, to test 
whether ABO could induce autophagy in vivo, we assessed 
the level of autophagy in the VEC layer of advanced 
atherosclerotic lesions from the aortic roots of apoE _/ ~ 
mice by transmission electron microscopy (TEM) and 
immunofluorescence analysis. TEM revealed autophagy 
activation in the aortic endothelium of ABO-treated mice, 
as shown by an increase in autophagosomes (Figures 4c 
and d). Immature autophagic vacuoles characterized by an 
electron density equivalent to the cytoplasm coexisted with 
late vesicles characterized by increased electron density, in 
which catabolic processes had already started. In addition, 
the increase of LC3 puncta could reflect induction of 
autophagy. 21 We then performed en face immufluorescence 
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Figure 2 ABO treatment inhibited the increased level and activity of PC-PLC in apoE mice, (a) Double-stained images of co-localization (yellow) of PC-PLC and 
CD31 -positive VECs. Scale bars, 60 /*m. (b) Quantification of PC-PLC level in endothelium of baseline, control and ABO-treated groups. Data are mean ± S.E.M. *P<0.05 
versus baseline, # P<0.05 versus control, n=6. (c) Relative PC-PLC activity normalized to baseline activity (equal to 1). Data are mean ± S.E.M. *P<0.05 versus baseline, 
# P<0.05 versus control, n = Q 




analysis of LC3 in the endothelium and quantified the 
average number of LC3 puncta per cell (Figures 4e and f, 
Supplementary Figure S4). The results showed that the 
number of LC3 puncta was significantly increased by ABO 
treatment, suggesting that ABO promoted autophagy in the 
endothelium. p62/SQSTM1, as an autophagy substrate, is 
known to accumulate with defective autophagic flux 
through lysosomes (i.e., by decreased p62 lysosomal 



degradation). We further investigated the changes of 
p62 protein level in HUVECs and MS1 cells with treatment of 
oxLDL, ABO or both. ABO suppressed the oxLDL-increased 
protein level of p62 in HUVECs and MS1 cells (Figures 5a 
and b). Subsequently, we performed immunofluorescence 
analysis of p62 protein in the atherosclerotic lesion. 
The results showed that p62 protein level was also increased 
in endothelium of advanced atherosclerotic plaques, and 
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Figure 4 ABO induced autophagy in cultured endothelial cells under oxLDL treatment and in the endothelium of apoE " " mice, (a) Effects of ABO on the protein level of 
LC3-II and LC3-I conversion in HUVECs and MS1 cells under oxLDL treatment detected by western blot analysis. ABO (50 fM) and oxLDL (50 ^g/ml for HUVECs and 100 ^g/ml 
for MS1 cells) were used, (b) Quantification of LC3-II protein levels and the ratio of LC3-II/LC3-I shown in a. Protein levels were normalized to GAPDH. Values are mean ± S.E.M. 
*P<0.05, **P<0.01 versus control, # P<0.05, ## P<0.01 versus oxLDL, n=3. (c) TEM of autophagosome formation in the endothelium of ABO-treated groups (N, nucleus; 
arrow, autophagosomes and autolysosomes). (d) Autophagic vesicles (AVs), including autophagosomes and autolysosomes, were counted from 8 ^m 2 sampling regions per cell. 
Data are mean ± S.E.M. # P< 0.05 versus control, (e) Dual immunofluorescence for CD31 and LC3 of en face aortic arch. Confocal images of en face aortic arch labeled with DAPI 
(blue), rat-anti-CD31 (red) and rabbit-anti-LC3 (green). Scale bars, 60 ^m. (f) The bar chart separately showed quantification of LC3 dots per cell in the endothelium. Data are 
mean ± S.E.M. *P<0.05 versus baseline, # P<0.05, ## P<0.01 versus control, n = 6 



ABO inhibited this increase obviously (Figures 5c and d). All 
the data suggested that the autophagic flux in the athero- 
sclerotic endothelium was increased by ABO treatment. 

ABO suppressed cell death in the endothelium and in 
the plaques. Based on the cross talk between apoptosis and 
autophagy, we tested the effects of ABO on cell death of 
vascular cells within plaques, which have a key role in plaque 
instability. 25,26 We detected and quantified apoptosis and 
necrosis in the endothelium and in the plaques by terminal 
deoxynucleotidyl transferase-mediated dUTP nick-end labeling 
(TUNEL) staining and hematoxylin and eosin (H&E) staining, 
respectively. The results showed that the two types of cell 
death, albeit at low levels, at baseline and all levels, were 



increased two- to three-fold in the control. However, both types 
of cell death were decreased in ABO-treated groups (Figure 6). 

ABO restricted atherosclerosis development and 
stabilized established atherosclerotic lesion in apoE 1 
mice. To further elucidate the involvement of ANXA7/PC- 
PLC in atherosclerosis, the effects of ABO on atherosclerosis 
development were investigated in apoE -7 " mice. Oil-red 
O staining revealed significantly lower lipid-positive area with 
both high- and low-dosage ABO than control treatment in 
apoE -7- mice (Figure 7a). Morphometric assessment of 
plaque burden in the brachiocephalic artery and aortic root 
corroborated the anti-atherosclerotic effects of ABO on the 
mouse aorta (Figures 7b and c). 
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Figure 5 ABO decreased p62 level in cultured endothelial cells under oxLDL treatment and in the endothelium of apoE " " mice, (a) Effects of ABO on the protein level of 
p62 in HUVECs and MS1 cells under oxLDL treatment detected by western blot analysis. ABO (50 \M\ and oxLDL (50 ^g/ml for HUVECs and 100 /^g/ml for MS1 cells) were 
used, (b) Quantification of p62 protein levels shown in a. Protein levels were normalized to GAPDH. Values are mean ± S.E.M. *P<0.05, versus control, # P<0.05, versus 
oxLDL, n = 3. (c) Double-stained images of co-localization (yellow) of p62 with CD31 -positive VECs. Scale bars, 60 /urn. (d) The relative fluorescent intensity of p62 in the 
endothelium of apoE _/ ~ mice. Data are mean ± S.E.M. *P<0.05 versus baseline, # P<0.05 versus control, n = Q 



Next, we investigated the effect of ABO on the plaque 
phenotype. The results showed that ABO preserved a stable 
plaque phenotype, with increased collagen content and 
smooth muscle cells, and reduced lipid deposition. Moreover, 
ABO decreased pro-inflammatory macrophages known as M1 
and increased anti-inflammatory macrophages known as 
M2 27 (Figures 7d and e). 

The proteolytic enzymes matrix metalloproteinases 
(MMPs) are important in weakening the fibrous cap and 
promoting plaque rupture. Consistent with the previous 
results, 8 in situ zymography detected high activity of MMP- 
2/9 in atherosclerotic lesions with control treatment; the 
addition of ABO significantly reduced their activity (Figures 
76 and e). 

ABO did not affect body weight, organ coefficients and 
serum lipid levels of apoE~ /_ mice. Further, we per- 
formed toxicity experiments to demonstrate whether there is 
potential toxicity of ABO to the mice. We evaluated the 
influence of ABO on the weight of body and various organs, 
that is, heart, liver, spleen, lungs, kidney and brain, and so 
on, and the organ coefficients were calculated (Figure 8a and 
Supplementary Table S1). The results showed that there 
were no significant differences in body weight and organ 
coefficients between the control group and ABO-treated 
groups. 

Furthermore, ABO treatment did not affect plasma lipid levels 
in mice (Figure 8b). Therefore, the anti-atherogenic effect of 
ABO was not related to lipid metabolism in apoE" 7 " mice. 



Inhibition of PC-PLC by ABO suppressed oxLDL- 
induced IL-6 and IL-8 secretion in HUVECs. As our 

recent in vivo study demonstrated that PC-PLC contributed 
to the progression of atherosclerosis by promoting the 
production of pro-inflammatory cytokines, the secretions of 
inflammation related factors, such IL-6 and IL-8, from 
cultured HUVECs were measured by enzyme-linked immu- 
nosorbent assay. The results showed that treatment of 
HUVECs with ABO blunted the increase of IL-6 and IL-8 
secretion induced by oxLDL (Figure 8c). 

Discussion 

Atherosclerosis and its complications are becoming the 
leading cause of death among the elderly. 28 Currently, 
surgery or drug treatments were the common therapeutic 
options available for patients with atherosclerosis, both of 
which have their drawbacks. Surgical treatment may be 
impossible or dangerous in patients with advance athero- 
sclerosis and the complication rate is relatively high. The 
conventional drug treatment has side effects, and there 
remains a large unmet medical need in the treatment of 
advance atherosclerosis. Therefore, there is a clear need for 
development of new and more effective therapies for 
controlling advanced atherosclerosis, and existing agents, 
or novel compounds that target known key factors, may 
eventually be shown to have efficacy for treating and 
stabilizing advanced atherosclerosis. As endothelial injury 
represents a primary mechanism for acute clinical events by 
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apoptotic cells and counterstained with PI to detect nuclei; right, images of H&E-stained aortic root lesions. Red lines show the boundary of the developing necrotic core. Scale 
bars, 60 ^m. (b) From the top to bottom panel, mean percent of TUNEL-positive cells in the lesions, TUNEL-positive cells in the endothelium and necrotic areas in the lesions. 
Values are mean ± S.E.M. *P<0.05 versus baseline, # P<0.05 versus control, n = Q 



promoting lesion thrombosis, VECs have a significant impact 
on the stability of atherosclerotic plaques. 29 Our previous 
research demonstrated that ABO could avert VEC apoptosis 
induced by nutrient deprivation 30 and inhibit VEC apoptosis 
elicited by oxLDL, 10 which has been assumed as a major 
cause of endothelial dysfunction associated with proathero- 
genic conditions. 31 These findings suggested ABO as a 
protector of VECs. In this study, we further confirmed the 
beneficial effect of ABO on protecting VECs and inhibiting 
atherosclerosis progression in vivo. 

As a phospholipid binding proteins, ANXA7 participates in 
phospholipid vesicles fusion and secretion cascade. Further- 
more, ANX7 is a newly described candidate tumor suppressor 
gene for prostate cancer, as evidenced by a significantly 
higher rate of loss of ANX7 expression in metastatic and local 
recurrences of hormone refractory prostate cancer as 
compared with primary tumors. 14 ANXA7 exhibits many 
biological and genetic properties of a tumor suppressor gene 
and may have a role in carcinogenesis through a discrete 
signaling pathway involving other tumor suppressor genes, 
DNA-repair genes and apoptosis-related genes. 14 ' 15 Besides, 
ANXA7( +/ ~) mutation leads to insulin secretion disorder in 
mice. 17 These reports indicated that ANXA7 might be invovled 
in several diseases. In the current study, we identified the anti- 
atherosclerotic role of ANXA7 for the first time, and compared 
with genetic modulation, ABO may be a powerful and ideal 
regulator of ANXA7 for atherosclerosis treatment. 



A recent in vitro study demonstrated that pharmacological 
induction of autophagy in macrophages triggered secretion of 
pro-inflammatory cytokines, 32 which suggests that the pro- 
inflammatory effects of drug-induced autophagy should not be 
neglected when designing pharmacological interventions 
aimed at stabilizing atherosclerotic plaques via autophagy. 
We found that ABO could significantly decrease the secretion 
of IL-6 and IL-8, and the level and activity of PC-PLC, a major 
pro-inflammatory factor in atherosclerosis, accompanying 
enhanced autophagy in VECs. A recent study reported that 
stimulation of autophagy could only be beneficial if autophagic 
flux was not impaired, because this condition could lead to 
lysosomal leakage or ejection of autophagosomes, as well as 
cell death. 33 Until now, we lacked data on autophagic flux 
during atherosclerotic plaque formation and destabilization. 
Our use of TEM revealed autophagic vacuoles, including 
double- or single-membrane vesicles with intracellular 
contents (cytosol and organelles), namely autophagosomes 
and autolysosomes, in VECs of ABO-treated apoE _/ " mice. 
According to a recent report, 34 our TEM morphological data 
may suggest in part that autophagic flux is increased in ABO- 
treated apoE _/ ~ mice endothelium. To confirm the autopha- 
gic activation in VECs, we performed en face immufluores- 
cence analysis of LC3 puncta, whose changes could reflect 
in vivo autophagy status. 21 Consistently, the punctate LC3 
was significantly increased by ABO treatment. Thus, autop- 
hagic flux in the atherosclerotic endothelium was increased by 
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ABO treatment. We revealed the protective anti-atherosclero- 
tic properties and possible mechanisms of autophagy induced 
by ABO in VECs of atherosclerotic plaques without activating 
unwanted pro-inflammatory signaling cascades. 

Recent 8 and current studies by our group showed that 
PC-PLC may be an attractive target for anti-atherosclerosis 
therapy. Several inhibitors of PC-PLC have been 
identified, with D609 having a prominent place. A series of 
2-aminohydroxamic acid derivatives have been designed as 
inhibitors of Bacillus cereus phospholipase C (PC-PLCBc), 
which has antigenic similarity with mammalian PC-PLC. 35 
Chinese propolis has an anti-inflammatory effect in part by its 
inhibitory effect on the activity of PC-PLC. 36 Our data highlight 
ABO as a small molecular inhibitor of PC-PLC for the first time 
and identify ANXA7 as an unprecedented endogenous 
regulator of PC-PLC. 

In summary, our data highlight the role of ANXA7 in the 
negative regulation of PC-PLC activity in VECs, and ANXA7/ 
PC-PLC signaling pathway may represent a novel target for 
the treatment of atherosclerosis. 
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Figure 8 Effects of ABO on body weight, organ coefficients and serum lipid 
levels of apoE _/ " mice and oxLDL-induced IL-6 and IL-8 secretion in HUVECs. 

(a) Body weight was measured every week. Data are mean ± S.E.M.; n = Q. 

(b) Blood was collected at the end of the experiment for measuring lipid levels. Data 
are mean ± S.E.M. *P<0.05 versus baseline, n = 6. (c) ABO decreased the 
secretion of IL-6 and IL-8 from oxLDL-treated HUVECs. ABO (50 fM) and oxLDL 
(50 ^g/ml) were used. IL-6 and IL-8 secretions from HUVECs were measured by 
enzyme-linked immunosorbent assay. Data are mean ± S.E.M. **P<0.01 versus 
control, ## P<0.01 versus oxLDL, n = 3 



Materials and Methods 

Cell culture. HUVECs were obtained from human umbilical cord veins as 
described. 37 MS1 cells were obtained from the Cell Bank of the Chinese Academy 
of Sciences (Shanghai, China). All lines were maintained at 37 °C under 
humidified conditions and 5% C0 2 . HUVECs were cultured as routine on gelatin- 
coated plastic dishes in M199 medium (Gibco Laboratories, Grand Island, NY, 
USA) supplemented with 10% heat-inactivated fetal bovine serum (HyClone 
Laboratories, Logan, UT, USA) and 70ng/ml basic fibroblast growth factor. All 
experiments involved HUVECs at passages 10-20. MS1 cells were cultured as 
routine in DMEM medium (Gibco Laboratories) supplemented with 10% heat- 
inactivated fetal bovine serum. 

Antibodies. Antibodies for CD11C/lntegrin aX (sc-28671), CD206 (sc-58987), 
CD68 (sc-7084), a-actin (sc-32251), CD31/PECAM-1 (sc-18916), ANXA7 
(sc-11389), /?-actin (sc-47778), GAPDH (sc-365062) and horseradish peroxidase- 
conjugated secondary antibodies were obtained from Santa Cruz Biotechnology 
(Santa Cruz, CA, USA). Antibodies against p62 (610833) and (PM045) were 
obtained from BD Transduction Laboratories (San Jose, CA, USA) and MBL 
International (Woburn, MA, USA), respectively. Antibody for LC3B (2775) was 
obtained from Cell Signaling Technology (Danvers, MA, USA). Normal rabbit IgG 
(sc-2027, Santa Cruz Biotechnology) was a control for immunofluorescence assay. 
Rabbit polyclonal antibody against PC-PLC was raised against B. cereus 
phospholipase C (PC-PLCBc), which has selective cross-reactivity against 
mammalian PC-PLC. 38 Secondary antibodies for immunofluorescence were goat 
anti-rabbit IgG Alexa Fluor-488, anti-rat IgG Alexa Fluor-633, goat anti-rat Alexa 
488, donkey anti-goat Alexa 633 and donkey anti-rabbit Alexa 546 (Invitrogen, 
Carlsbad, CA, USA). 

Western blot analysis. Protein samples (20 ^g/lane) were loaded on a 15% 
SDS-polyacrylamide gel, separated and electrophoretically transferred to a 
polyvinylidene difluoride membrane (Millipore, Schwalbach, Germany), which was 
probed with primary antibodies, then horseradish peroxidase-linked secondary 
antibodies and revealed with use of an enhanced chemiluminesence detection kit 
(Thermo Electron Corp., Rockford, IL, USA). The relative quantity of proteins was 
analyzed by use of Quantity one software and normalized to that of loading 
controls. 

Overexpression of ANXA7. HUVECs were obtained from human umbilical 
cord veins as described. 37 Cells were transfected by the TurboFectin 8.0 reagent 
method (TF81001, Origene, Rockville, MD, USA). We used pcmv 
6-xl5-ANXA7 (SC1 26802, Origene) for ANXA7 overexpression, with pcmv 6-xl5 
as a control. Transfection efficiency was examined by western blot analysis and 
immunofluorescence. 

RNA interference. ANXA7 silencing in HUVECs was as described 11 with 
specific ANXA7. In total, 40 nM ANXA7 siRNA were transfected into HUVECs by 
the use of RNAiFect Transfection Reagent (301605, Qiagen, Hilden, Germany).- 
Scrambled siRNA was used as a control (1022076, Qiagen). Silencing efficiency 
was verified by western blot analysis or immunofluorescence. 

Cell staining for immunofluorescence microscopy. HUVECs were 
fixed in 4% paraformaldehyde (w/v) for 30 min at room temperature and blocked in 
1 x phosphate-buffered saline (PBS), 0.01% Triton X-100 (v/v) and 5% goat 
serum (v/v), and then incubated with primary antibodies overnight at 4°C Then 
cells were rinsed in 1 x PBS three times and incubated with corresponding 
secondary antibodies 1 h at 37 °C For negative controls, cells were incubated with 
normal IgG. CLSM involved a Leica TCS SP2 AOBS apparatus. Different fields of 
view (>3 regions) were analyzed on the microscope for each labeling condition, 
and representative results are shown. 



Figure 7 Effects of ABO on the size and phenotype of aortic atherosclerotic plaque in apoE " 1 ~ mice, (a) Representative oil-red O-stained aortas from apoE " 1 ~ mice 
(Scale bars, 3 mm, n = 5). (b) H&E staining of brachiocephalic artery (scale bars, 200 ^m, n = 6) and (c) aortic root lesions (scale bars, 500 ^m, n = 6). Bar graphs show en 
face plaque area and ratio of intima to lumen (data are mean ± S.E.M. *P<0.05 versus baseline, # P<0.05 versus control), (d) From the top to bottom panel, oil-red 
O staining of atherosclerotic lesions, masson trichrome staining of collagen (in blue), immunostaining for mouse a-smooth muscle actin, double-stained images of 
co-localization (yellow) of CD68 (red) and CD11C (green)-positive areas, double-stained images of co-localization (yellow) of CD68(red) and CD206 (green) -positive areas 
and in situ zymography detecting MMP-2/9 activity (n = 4-5 sections per tissue, at least three sites of analysis per slide). Scale bars for oil-red O staining, 500 ^m and others, 
80 ^m. (e) Quantification of lipid, collagen, actin area in atherosclerotic lesion, weighted co-localization coefficients for CD11C and CD206-positive areas, and MMP-2/9 
activity in baseline, control and ABO-treated groups. Data are mean ± S.E.M. *P<0.05 versus baseline, # P<0.05 versus control, n = 6 
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PC-PLC activity assay. PC-PLC activity was measured by the Amplex 
Red PC-PLC-specific assay kit (Molecular Probes A12218, Eugene, OR, USA) 
with modification. 39 After several steps of enzyme-coupled reactions with 
1 0-acetyl-3, 7-dihydrophenoxazine (Amplex Red reagent), alkaline phosphatase, 
choline oxidase and horseradish peroxidase, PC-PLC in whole-cell lysates and 
serum converted PC (egg yolk lecithin) substrate to highly fluorescent product 
resorufin. 

Animals. Male apoE _/ " mice (8 weeks old, 20-25 g; B6.129P2-Apoetm1Unc/J, 
stock no. 002052) on a C57BL/6J background were purchased from the 
Department of Laboratory Animal Science, Peking University Health Science 
Center (Beijing, China), and housed under pathogen-free conditions. The 
experimental design of the study was shown in Supplementary Figure S5, and all 
mouse work was performed according to the Institutional Animal Care and Use 
Committee guidelines. Mice were fed with an atherogenic high-fat diet (21% fat and 
0.15% cholesterol) for 14 weeks. Body weight was measured during treatment and 
plasma lipid profiles at baseline, and at the end of the experiment. Animals were 
randomized to four groups (n=6 mice/group) for treatment. The first group was 
killed to determine the extent of established lesions. Groups 2 and 3 received 8 
weekly intraperitoneal injections of ABO (low-dosage, 50mg/kg per day or high- 
dosage, 100mg/kg per day). Control group 4 was injected with the same volume 
(10/d) of dimethyl sulfoxide (Sigma-Aldrich, St. Louis, MO, USA) diluted with 90 
PBS. At the end of treatment, all mice were killed by intravenous injection of 
ketamine/xylazine (Sigma-Aldrich), and blood and tissue were collected for 
analysis. The experimental protocol was approved by the local animal research 
committee. 

Body-weight measurement and blood and tissue collection. 

Body weight in mice was measured during treatment and plasma lipid profiles at 
the end of the experiment. For mice at 22 and 30 week of age, food was 
removed for an 8-h fast, then blood was collected from the inferior vena cava, 
and animals were killed by exsanguination. The heart and aorta were rapidly 
removed after perfusion with PBS. The adventitia was thoroughly stripped, and 
the heart, including the aortic root, was snap-frozen in optimal cutting 
temperature embedding medium (Tissue-Tek, Torrance, CA) for histology and 
immunofluorescence assay. The remaining aorta was opened longitudinally and 
fixed with 10% buffered formalin for measurement of the surface area covered 
by lipid-staining lesions. Brachiocephalic arteries were removed for further 
analysis. 

Histology and immunofluorescence. The aortic root and brachioce- 
phalic artery of mice were embedded in optimal cutting temperature. Cryosections 
of aortic sinus (7^m) and brachiocephalic artery (10 /am) were prepared and 
stained with hematoxylin (Sigma-Aldrich, Zwijndrecht, The Netherlands) and eosin 
(Merck, Darmstadt, Germany). Aortic root cryosections, 10^m, underwent Oil-red 
O and Masson's trichrome staining (Maixin_Bio, Fuzhou, China). Images of 
sections were taken with a digital camera and analyzed by use of ImagePro Plus. 
Corresponding sections (7/im) were stained with primary antibodies and 
appropriate secondary antibodies as described. The negative control was 
nonimmune IgGs (Supplementary Figure S6). Sections were observed by 
confocal laser scanning microscopy (CLSM, TCS SP2, Leica, Bensheim, 
Germany). 

Transmission electron microscopy. TEM was performed as previously 
described. 40 10 ultrathin sections per mouse were examined and photographed by 
use of a JOEL 1200EX electron microscope (JEOL, Tokyo, Japan). About 30 cells 
per mouse were assessed in this study. 

En face aortic arch immunofluorescence. After perfusion fixation and 
dissection, the ascending aorta and proximal arch segment were incubated with 
20% horse serum for 30 min. Each aortic arch was then incubated simultaneously 
with rat-anti-CD31 and rabbit-anti-LC3, followed by the appropriate combination of 
secondary antibodies: goat anti-rat Alexa 488 and donkey anti-rabbit Alexa 546 
(Invitrogen). The nuclei were stained with DAPI and slides mounted in SlowFade 
Gold (Invitrogen). For negative controls, segments were incubated with normal 
IgG. Fluorescence images were obtained using the Zeiss LSM780 (Carl Zeiss 
Canada Ltd). Carl Zeiss ZEN 2010 Program was used to measure the 
fluorescence intensity, which was measured in at least 10 regions for each labeling 
condition, and representative results were shown. 



Cell death in atherosclerotic plaque. Apoptotic cells in atherosclerotic 
lesions were detected by terminal deoxynucleotidyl transferase-mediated dUTP 
nick-end labeling (TUNEL, Promega, Madison, Wl) 41 ' 42 Plaque necrosis was 
quantified by measuring negative H&E-stained acellular areas in the intima. 43,44 

En Face staining. En face staining of plaque area in mice was measured as 
described. Briefly, after tissues were trimmed from around the aorta, including all 
fat, the aorta was opened longitudinally, pinned on a cork board, and stained with 
Oil-red O (Sigma-Aldrich to detect lipids and to determine lesion area. En face 
images of the aorta were taken with a digital camera (Nikon D7000, Nikon Corp., 
Tokyo, Japan) and analyzed by use of ImagePro Plus. Atherosclerotic lesions of 
the aorta were expressed as a percentage of the total surface area. 

In situ zymography. Aortic sections (7 ^m) of mice were incubated with 
50 jul of 10 /xg/ml quenched FITC-labeled DQ gelatin (Invitrogen) and 1 ^g/ml 
propidium iodide (PI, Sigma-Aldrich, St. Louis, MO) in 0.5% low melting point 
agarose (Invitrogen), cover-slipped, and chilled for 5 min at 4°C. Sections were 
incubated at 37 °C for 2 h and observed by fluorescence microscopy. Gelatinase 
inhibitor (MMP-2/9 inhibitor IV, Chemicon, Millipore) was added as a control. Carl 
Zeiss AxioVision 4.6 was used to measure fluorescence intensity in at least six 
sections from each aortic root sample. 

Organ coefficients. When mice were killed, various organs such as heart, 
liver, spleen, lungs, kidney and brain were removed and weighed. The organ 
coefficient was obtained by dividing the weight of the organ by body weight. 

Serum lipid levels. The concentrations of total cholesterol, triglycerides, 
high-density lipoprotein cholesterol and low-density lipoprotein cholesterol in mice 
were determined enzymatically with available kits (Wako Chemicals USA, 
Richmond, VA, USA). All assays were completed in triplicate and all samples were 
analyzed on the same day. 

Enzyme-linked immunosorbent assay (ELISA). The amount of IL-6 
or IL-8 secreted into the culture medium was determined by ELISA using the 
human IL-6 or IL-8 kit (R&D Systems, Minneapolis, MN, USA), respectively. These 
assays were performed according to the manufacturer's instructions, and the data 
were expressed relative to a standard curve prepared for IL-6 or IL-8. 

Statistical analyses. Data are expressed as mean±S.E.M. SPSS 11.5 
(SPSS Inc., Chicago, IL, USA) was used for statistical analysis. Data were 
analyzed by one-way ANOVA (followed by Scheffe F-test for post hoc analysis). 
P<0.05 was considered statistically significant. 
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